Background
Two stages of stability are in the healing phase of dental implantation, i.e., the primary and the secondary stability. The former refers to the stability immediately after implantation. The most critical occasion for achieving successful implantation occurs during the lowest initial stabilization that causes sufficient bone reconstruction to support long-term maintenance of the implant. Usually this occurs in the third or the fourth week after surgery [1] . If the primary stability is not high enough, the extra implant mobility may cause bone defects and result in implantation failed eventually. In the former studies, varied techniques, especially resonance frequency analysis (RFA), were developed for quantifying dental implant stability including experimental and numerical ways [2] [3] [4] . In terms of numerical characterization, Wang et al. [2] determined the identifiable stiffness range of interfacial tissue of dental implants by using RFA. Two implanttissue-bone models were built and analyzed by finite element method (FEM). They found when Young's modulus of interfacial tissue is less than 15 MPA, the RF is significantly affected by the interfacial tissue rather than boundary constrains or geometry variations. Li et al. [3] assessed the changes of the RF during the bone remodeling through three-dimensional time-dependent finite-element simulation. A quantitative comparison was made with the measured RFs from the clinical follow-ups. The comparison demonstrated a satisfactory agreement between the simulation of developed bone remodeling and clinical data. Zhuang et al. [4] conducted finite element (FE) modal analysis to validate the measured RF through a noncontact vibro-acoustic detection technique. A comparison of bone block model experiments with numerical simulation showed that the RFs in the defect side are significantly smaller than those in the complete one, as well as the value decreasing with the increase of defect amount.
In the past studies, the findings showed overall peri-implant assessment mainly, and were lack of comprehensive information about the effects of bone defect severity on stability during the healing phase. To the end this technical brief explores the effect of both the severities of closed bone defects and interfacial tissue on the corresponding resonance frequencies (RFs) of dentalimplanted structure.
Methods
Bone defects adjacent to dental implant are categorized into two groups, closed defects and open defects. For the closed defects, vertical and horizontal bone defects are named as Class I and Class II defects, respectively. In the study, Class I defects with 1-5 mm depth and 1 mm width, as shown in Fig. 1 , were analyzed numerically, and Class II defects with 2 and 3 mm depth and 1-5 mm width were investigated (Fig. 2) . The surrounding interfacial tissue for the primary stability was considered with the Young's modulus of 10 MPa in the simulation of bone defects.
The full mandible model with a dental implant and interfacial tissue, as shown in Fig. 3 , was built by using an FEM commercial package, ANSYS Workbench. The analyzed mandible model is composed of cortical bone and cancellous bone, in which the former has an average thickness of 2 mm. A cylindrical implant socket (U5.7 mm Â 12 mm) was modeled as a drilled hole to accommodate the dental implant (U3.7 mm Â 9 mm), where a layer of 1 mm thickness surrounding the implant was created as the interfacial tissue for the simulation of the osseointegration phase. Furthermore, in the model an aluminum peg is screwed to the implant. In the modeling of RFA, here the whole implant/ interfacial-tissue/bone (IITB) is regarded as a system. The material properties of different parts are simplified and assumed isotropic and homogeneous, as summarized in Table 1 [5, 6] . The interfaces between each two subparts were assumed bonded. Three combinations of material properties are designated as shown in Table 2 . They are synthesized using the material properties of Table 1 to imitate the variety of individual gum structure. During the primary stability stage, the Young's modulus of the tissue changes from 1 MPa to 25 MPa. In the simulation of primary and secondary stability the Young's modulus of the tissue changes from 5 MPa to 100 MPa in eleven levels. The FE model contains 15,270 tetrahedral solid elements and 29,478 nodes with the element size of 5 mm based upon convergence analysis. Free-free boundary conditions are set [6] . The harmonic force with 1 Pa acoustic pressure was applied on the peg, and the vibration response on the opposite side was computed. Figure 1 : Class I closed defects with surrounding bone walls. (a) Birdview of implant with 1 mm width closed defect, and with a depth of (b1) 1, (b2) 2, (b3) 3, (b4) 4, and (b5) 5 mm. (c1)-(c5) with cortical bone removed correspond to (b1)-(b5).
Results
In the three bone-structure combinations, Combin_3 has the stiffest material properties; contrarily, Combin_1 is the most flexible. From the results of modal analysis, Fig. 4 shows the RFs decrease along the severity of closed-defect depth. It is noted that the RFs of Combina_1 and Combin_2 almost coincide when the depth of closed defect is in one mm. When the depth of closed defects is larger than one mm, the differences among RFs of the three combination models become significant. It is consistent that Combin_3 bone structure always keeps the highest RFs. Further, the percentages of frequency decrement are below 10% in one mm defect depth, and become larger when the defects become more severe. The largest frequency decrease goes up to 51% at Combin_1 bone structure with 5 mm defect depth. As to the RF variation of Class II closed defects, Fig. 5 shows the structural resonance ranges from 6000 Hz to 2021 Hz along with defect severity. When the defect width is over 2 mm, the RFs stay steady for whatever combination models.
From the analysis of bone-defect severity it is concluded that the defect width damages stability dramatically, and the bone defect harms the stability consistently along its depth. However, it is noted that the sufficient stability of an implant still varies individually; from the analysis, it ranges between 5500 and 6000 Hz. 
